An analytical expression for the bidirectional reflectance field of a vegetation canopy is derived from physical and geometrical considerations of the transfer of radiation through a porous medium. The reflectance pattern is shown to depend explicitly on the optical properties of the scatterers (for example, leaves), and on the structural parameters of the canopy, such as the statistical distribution of the orientation of these scatterers, the leaf area density, the size of the scatterers and their interspacing. This theory provides a simple and accurate way to understand the anisotropy of the radiation field over a vegetated surface. It can be useful for modeling applications (for example, the albedo is a by-product which can be numerically estimated), as well as for extracting some of the structural and physical properties of the surface. These applications are discussed in the accompanying paper (Pinty et al., this issue). . Each of these approaches exhibits specific advantages and disadvantages, depending on the particular applications for which they were designed. Ideally, what would be needed to extract pertinent information on land surfaces from satellite remote sensing data is a universal, accurate, and computationally cheap physically based model of the bidirectional reflectance of porous surfaces.
INTRODUCTION
Vast amounts of satellite remote sensing data on the state and evolution of the surface of the Earth have been accumulated over the last decade. NASA's projected Earth Observing System (EOS) will significantly increase the size of this data base, not only with additional data, but also with improved spatial and temporal coverage, and enhanced spectral resolution [NASA, 1988] . These developments provide unique opportunities for various scientific communities, but the potential utilization of these data to retrieve quantitative estimates of land surface properties is currently limited by various drawbacks inherent to remote sensing techniques. One such limitation lies in our inadequate understanding of the physical processes governing the transfer of radiation at the surface of the Earth. This translates into a lack of physically based models to describe such processes and to invert these data into useful information.
It is well known that natural continental surfaces (bare soils, vegetation canopies) reflect radiation quite anisotropically. Satellite measurements therefore strongly depend on both the position of the Sun and the position of the observer relative to the Sun, hence the term "bidirectional reflectance." This bidirectional reflectance field, however, cannot be expressed as a function of the relative geometry of illumination and observation only (for example, the two zenith angles and a relative azimuth angle), because it is also dependent on the physical and the morphological properties of the observed surface. This fact alone is responsible for some of the major difficulties encountered in the process of 1Now at Department of Atmospheric, Oceanic, and Space Sci- Hapke, 1981; Camillo, 1987] . Each of these approaches exhibits specific advantages and disadvantages, depending on the particular applications for which they were designed. Ideally, what would be needed to extract pertinent information on land surfaces from satellite remote sensing data is a universal, accurate, and computationally cheap physically based model of the bidirectional reflectance of porous surfaces.
The goal of this paper is to describe a physically based model for predicting the bidirectional reflectance field over a radiatively homogeneous scattering surface. Specifically, our theoretical development is designed to describe a homogeneous full canopy composed of leaves. This model must be considered as the first necessary step toward a more realistic treatment of radiation scattering in this complex medium. The model is based on the scattering theory for a particulate media; it is kept as exact as reasonably possible, keeping in mind the necessary compromise between the need for an accurate description of the scattering process and for a simple analytical expression usable for the inversion of satellite remote sensing data. The application of this model to actual data sets is presented in a companion paper [Pinty et al., 
this issue].
This model follows the general approach developed by Hapke [1981 Hapke [ , 1986 ]. Hapke's model was specifically designed to study planetary surfaces, using satellite bidirec-tional measurements of their reflectance fields. Implicitly, his model is applicable to homogenous semi-infinite media composed of uniformly distributed scatterers, as is generally the case for soil surfaces. However, as a result of the availability of water on land, over 65% of the continental areas on Earth are covered by vegetation, and exhibit surfaces with radiative properties significantly different from bare soil cases. In the simplest case of a fully covering homogeneous canopy, the radiation is mainly reflected and absorbed by leaves which, for the purposes of modeling, can be considered flat surfaces. These surfaces, however, may be preferentially oriented (in zenith or azimuth angle), depending on the plant species, and it has been shown that the reflectance of the canopy is quite dependent on both the zenith angle of illumination and the statistical distribution of leaf orientation (see, e.g., Ross [1981] , Dickinson [1983] , and Verstraete [1987, 1988] ). The theory described below is a generalization of Hapke's model to account for the specific structure of a canopy, that is, the orientation of the leaves, as well as the characteristics of their geometrical arrangement in the canopy. This paper also addresses another major theoretical point, namely, the mathematical expression of the combined transmission of the incoming and outgoing radiation. As will be seen shortly, the transmission of the scattered radiation in a porous medium is not independent of that of the incoming direct radiation: the two optical paths actually share a common volume, free of scatterers, near the scatterer that causes the reflection. Consequently, the optical depth along the combined path is reduced, and the total transmission becomes a function of the morphology of the medium. This effect results in an enhanced reflectance in the direction of illumination, and is known as the "hot spot" or the "opposition effect." In practice, this increased reflectance expresses the total absence of apparent shadows to the sensor, when the direction of observation and the direction of illumination coincide, that is, when the source of radiation and the sensor are along the same optical path (see, e.g., Myneni et al. [1988] ). This model therefore constitutes a direct attempt at providing a general analytical expression to relate some of the morphological properties of the canopy to the observed bidirectional reflectance field. Applications of this theory include the proper description of the reflectance (and in particular albedo) of a canopy of known physical and structural properties, as well as the capability to retrieve such information from remote sensing data.
SINGLE SCATTERING OF DIRECT RADIATION

IN PLANT CANOPIES
Absorption of solar radiation by plant canopies and at the soil surface is of great interest to atmospheric modelers and climatologists, since it determines to a large extent the amount of solar energy effectively available for the climate system as a whole. This absorption of radiative energy at the surface of the Earth is also of concern to agronomists and biologists because it directly affects the physiology and productivity of plants.
While the quantity of radiation actually absorbed in a given environment is difficult to estimate directly, the radiation scattered by the surface can be measured with standard instruments, either locally or remotely. Since the absorbed and the scattered components are directly related through the conservation of energy, it is customary to measure the scattered radiant energy and compute the absorption as a residual. It turns out, however, that many natural surfaces exhibit preferential directions for the reflection of solar radiation; in other words, the measured reflectance of such a surface depends not only on the nature and structure of the surface, or the intensity and position of the source of light, but also on the relative position of the observer. This represents a major inconvenience if the goal is to estimate the directional hemispherical reflectance (albedo) of the surface, since the reflectance must be measured and integrated over different viewing geometries. The bidirectional nature of the reflected radiation is an advantage, however, to the extent that it depends on (and therefore characterizes) the structure of the surface. This allows the retrieval of information on the surface by inversion of the measured reflectances in these viewing geometries. This paper will focus on the theoretical treatment of the single-scattering component of the transfer of radiation through a vegetation canopy. This is amply justified by the facts that this component contributes approximately 90% of the total scattered radiation in the visible spectral band (that is, with a wavelength shorter than 0.7 krm) and about 40% of the radiation scattered in the near-infrared region, and that the single scattering of direct solar radiation contains the most useful information on the canopy structure, to the extent that the effect of multiple scattering is to smooth out such features. The inversion of actual data in the accompanying paper does take multiple scattering into account, however, following the improved formulation suggested by 
to the first order. This expression is only approximate because when the direction of observation is exactly the same as the direction of illumination, the transmission T2(z) of the scattered light should be unity, since any direct solar radiation capable of penetrating down to level z before being scattered must obviously be able to exit the canopy without further inter-action with it when it is scattered back exactly in the incoming direction. Moreover, direct solar radiation scattered back in directions characterized by small phase angles g, that is, close to its incoming path, has a high probability of escape from the canopy without further scattering by the vegetation. The transmission of the outgoing radiation is therefore not independent from the transmission of the incoming radiation. Reflectance is increased in the direction of illumination because no shadows are visible in that direction. This phenomenon is commonly observed on many porous surfaces such as soils and vegetation and is known as the "opposition effect" or "hot spot phenomenon." From this qualitative discussion, it follows that the opposition effect is a direct consequence of the structure of the canopy, and, in particular, that its angular extent is related to the shape of the "holes" between the leaves, that is, on the distribution of scatterer-free regions in the canopy as seen from the direction of the Sun.
Scattering of Radiation in the Direction
Describing the transmission of direct solar radiation in a scattering medium as a negative exponential (such as in (1) and (14) above) is only a statistical statement that some diminishing fraction of the incoming photons will be able to penetrate further into the medium. Even though this law may be used to quantify the sunlit area as a function of depth in a canopy [e.g., Verstraete, 1987] , it only describes the proportion of sun fleck area, not the number of sun flecks or their dimensions. Clearly, some additional parameter(s) on the canopy structure are needed to account for the hot spot, and they will of necessity be related to the geometry of the holes. Conversely, such parameter(s) will, in principle, permit the retrieval of information on the structure of plant canopies from an interpretation of the anisotropy of the reflectance field at small phase angles.
In ;*=;r = since the cylinders defined by the illumination and observation directions intersect outside of the canopy in this case. These are the conditions leading to the observation of a hot spot, and it turns out that the common volume Y o, which controls the extent to which the transmission is unity on the return path, is simply a function of yG/2 r, which is nothing but a nondimensional shape factor, the ratio of the depth of the leaf from the top of the canopy to the diameter of sun flecks on the leaves. The shape of this hole is a function of the illumination and viewing geometry, and this variation is entirely contained in G. This important fact is the basis for the expectation to be able to retrieve canopy structure information from hot spot observations in reflectance data sets, although further computations are needed before that result is achieved.
Comparing ( p" Contribution to the reflectance of the canopy far from the hot spot. r• Optical thickness along the illumination direction. r2 Optical thickness along the observation direction.
•2 Asymptotic value of the optical thickness along the observation direction.
•b • Solar azimuth angle.
•b2 Observation azimuth angle. co Single-scattering albedo of the scatterers. df• Solid angle of the field of view.
